Double oxidation of SiC single crystal was carried out in oxidizing gas (O2 or H2O) at 1673 K first and then in isotopic water (H2 18 O or D2O) at 1473 K or 1573 K to trace diffusing species during oxidation at high temperatures. SIMS analysis revealed that deuterium was enriched near SiO2/SiC interface when SiC was oxidized in Ar/D2O gas mixture at the second oxidation step, indicating that water molecules or hydroxyls diffused in SiO2 layer to the SiO2/SiC interface. Large amount of carbon in SiO2 scale near the SiO2/SiC interface after oxidation in dry Ar/O2 gas mixture suggests a possibility that outward diffusion of carbonaceous species can be rate-controlling step during oxidation in dry Ar/O2 atmosphere. Decrease in the amount of the carbon with oxidation time in Ar/H2 18 O gas mixture at the second oxidation step implies that the outward diffusion of carbonaceous species in SiO2 scale was promoted during oxidation in atmosphere containing water vapor.
Introduction
Silicon carbide (SiC) is applied to many industrial fields owning to its high temperature oxidation resistance and thermal shock resistance. To evaluate long-term reliability as a hightemperature material and understand the processes taking place during oxidation at high temperatures, the oxidation of SiC has been intensively studied by many research groups. It is well known that silica (SiO2) layer on SiC acts as an excellent protective layer for high temperature oxidation in dry air, but humid air and combustion gas lessen the oxidation resistance of the protective layer, resulting in shortening the lifetime of SiC materials, which is caused by enhanced oxidation and volatilization of silicon species.
1)-4)
Many research groups have studied high temperature oxidation of SiC in wet condition using powder, sintered SiC, and chemically vapor-deposited SiC.
5)- 16) There are several explanations for the enhanced oxidation of SiC by ambient water vapor. Suzuki suggested that H2O promotes the diffusion of species in SiO2, for example, the outward diffusion of carbonaceous species such as CO and CO2 in SiO2, 5) which is presumably the rate-controlling step in the dry oxidation of SiC. 17) , 18) The promoted diffusion by water vapor can be rationalized by the reports that water vapor breaks Si-O-Si bonds 19)-21) and decreases the viscosity 22) of protective vitreous SiO2 scale. The similar mechanism of promoted O2 diffusion was proposed by Irene and Ghez 23) to discuss the enhanced oxidation of Si in water vapor. Opila 13) explained the enhanced oxidation of SiC based on discussion by Deal and Grove that explained the enhanced oxidation of Si in water vapor. 24) They pointed out that the solubility of water in SiO2 is 1000 times greater than that of oxygen, although the diffusivity of water vapor in SiO2 is ~100 times lower. This explanation is based on the presumption that the diffusion of water is the major rate-controlling step in wet oxidation of SiC. Antill and Warburton 25) proposed that the diffusion of hydroxyl ion during the oxidation of SiC in water vapor is the most likely rate-controlling mechanism, judging from a (PH 2 O) 0.67 dependence of the rate constant.
One of techniques to investigate diffusion mechanism during the oxidation is double oxidation experiment using an isotopic labeled element. 26)-29) This technique is useful because it could provide conclusive evidence to determine the interface where the new oxide layer formed. Zheng et al. 28) , 29) conducted the double oxidation of SiC single crystal using 18 O2-enriched environment and chemically vapor-deposited Si 13 C film to investigate oxidation mechanism in dry oxidation. However, the double oxidation study of SiC in wet condition has not been reported in spite of the problems of SiC in various wet atmospheres. In this study, to trace oxidizing species during the wet oxidations, the double oxidation of 4H-SiC wafer was carried out using isotopic labeled water of H2 18 O and D2O and depth concentration profiles of elements were detected by secondary ion mass spectroscopy (SIMS).
Experimental procedure
A 4H-SiC wafer with the (0001) plane was cut into SiC specimens of 6 mm × 6 mm × 0.38 mm. The specimens were oxidized at high temperatures in atmosphere containing oxygen or water vapor, and successively oxidized in atmosphere containing isotopic labeled H2 18 O or D2O. Purities of the labeled H2 18 O and D2O were 97 at.% 18 O and 99.9 at.% D, respectively. The oxidation conditions are listed in Table 1 . The double oxidation experiments using H2 18 O were conducted to trace 18 O in SiO2 formed in dry conditions, while double oxidation experiments using D2O were conducted to trace D in SiO2 formed in wet conditions. At the first step, a specimen was oxidized at 1673 K, because thicker SiO2 layer is desired to enhance the resolution of depth concentration profile in SiO2 scale but the oxidation at 1773 K caused cracks by formation of cristobalite. At the second step, oxidation was carried out at a lower temperature of 1473 K or 1573 K in order to prevent uniform distribution of the isotopic labeled element in SiO2 scale, which disappears the evidence for formation of new oxide layer. 28) The oxidation experiments using isotopic labeled water were conducted in closed system because available JCS-Japan amount of isotopic water was limited. For comparison, the second oxidation in the dry O2 condition (see Table 1 ) was also conducted in closed system. The other experiments were performed in the mixed gas of Ar and O2 at the flow rate of 1.67 × 10 -6 m 3 s -1 . The specimens after the double oxidation were analyzed by secondary ion mass spectroscopy (SIMS) with Cs + ion as a primarily ion. Elements M (H, C, O, 18 O, 30 Si) in the specimen were monitored as secondary ions of CsM + as a function of depth from the surface of the specimen. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) with energy dispersive X-ray analyzer (EDX) were employed to observe oxide films after the double oxidation of SiC specimens.
Results and discussion
After the double oxidation, no crack was seen on the surface of the specimens by SEM. Figures 1(a), (b) , and (c) show SIMS depth profiles of the SiC specimens oxidized in the dry O2, H2 18 O, and H2
18
O/O2 oxidations (see Table 1 ), where the first oxidation was carried out in dry Ar/O2 gas at 1673 K for 28.8 ks and the second oxidation was conducted at 1473 K for 1.5 ks. The SiO2 scales were considered to form mostly in the first step, because the oxidation temperature in the first step was 200 K higher than the second one. The 18 O profile in the dry O2 condition ( Fig. 1(a) 16 O during the second oxidation. Large amount of carbon was detected in SiO2 scale near the SiO2/SiC interface in the dry O2 oxidation (see an arrow in Fig. 1(a) ). This result is different from the SIMS study using chemically vapor-deposited Si 13 C film on SiC crystal, which suggested quick transport of carbonaceous species in SiO2 scale and eliminating the possibility that transport of carbonaceous species is the rate-controlling step on the basis of little 13 C content in SiO2 scale. 28) The difference of carbon contents in SiO2 scales may be caused by the difference of SiC specimens, impurities in SiC specimens, impurities in gas such as water vapor, or degree of crystallization of SiO2 scale. Our result suggests that the outward diffusion of carbonaceous species is slow, especially near SiO2/SiC interface, and could be the rate-controlling step in the first oxidation step (in dry Ar/O2 at 1673 K). The slightly decreased carbon content in SiO2 scale in the H2 18 O and H2 18 O/O2 oxidation (Figs. 1(b) and 1(c)) than the dry O2 one (Fig. 1(a) ) indicated the promoted outward diffusion of carbonaceous species by water 5) or elimination of carbonaceous species by reaction with water or hydroxyl derived from water.
Figures 2(a), (b), and (c) show SIMS depth profiles of the SiC specimens oxidized in the H2
18 O-0.6 ks, H2 18 O-3.6 ks, and H2
18 O-14.4 ks conditions. The most part of SiO2 scale was considered to be formed in dry Ar/O2 at the first oxidation step. With increasing oxidation time at the second oxidation, the concentration gradient of 18 O decreased (see arrows in Figs. 2(a) and 2(b)) and 18 O was uniformly distributed in SiO2 scale at 14.4 ks (Fig.  2(c) ). The carbon content was high in SiO2 scale near SiO2/SiC interface in Figs. 2(a) and 2(b) . The carbon was considered to be accumulated during dry oxidation at the first step. The carbon content in SiO2 scale became smaller after water vapor oxidation for 14.4 ks (Fig. 2(c) ), suggesting an effect of water vapor that promotes outward diffusion of carbonaceous species 5) or elimination of carbonaceous species by reaction. Figure 3 illustrates a diffusion mechanism during the double oxidation experiment using H2 18 O. After the first oxidation step, 18 O should be uniformly distributed at a level of natural abundance as shown in Fig. 3(a). Figs. 3(b) and 3(c) 18 O enrichment near the SiO2/SiC interface were observed in Figs. 1(b), 1(c), and 2(a)-(c) , which indicates that significant network oxygen diffusion occurred at 1473 K. The disappearance of 18 O peak near SiO2/SiC interface by significant oxygen diffusion was also reported for the double oxidation of Si using 18 O enriched gas at 1573 K. Figure 4 shows a TEM picture of the specimen obtained in the H2 18 O-3.6 ks oxidation with electron diffraction of point 1 and the concentration of elements at points 1-3 by EDS analysis. SiC single crystal and amorphous SiO2 were seen. No carbon deposition was observed at SiO2/SiC interface, although carbon content was high at point 2 in Fig. 4 and near the interface in Fig.  2(b) , which may suggest that the amorphous SiO2 was supersaturated with carbon.
26)
Figures 5(a) and (b) show SIMS depth profiles of the SiC specimens oxidized in the D2O-1473 K and D2O-1573 K conditions, in which wet Ar/H2O gas was used at the first oxidation step and Ar/D2O gas was used at the second oxidation step. Increased amount of deuterium was observed near surface and SiO2/SiC interface (see arrows). Carbon content in SiO2 layer near SiO2/SiC interface in Fig. 5(a) and (b) is apparently smaller than that in Fig. 1(a) , which is similar to the carbon profiles in the SiO2 scale annealed in water vapor for the longest time at the second oxidation step (Fig. 2(c) ), suggesting the effect of water vapor. Figure 6 illustrate diffusion mechanisms for the double oxidation experiment using D2O. It is presumed that deuterium and hydrogen have nearly the same contribution on oxidation mechanism, because their diffusion coefficients are the same order of magnitude. After the first oxidation step by H2O, hydrogen and deuterium is expected to be uniformly distributed in SiO2 scale (see Fig. 6(a) ). After the second oxidation step by D2O, if D2O (or OD -formed by reaction of 2D2O +2e -→ D2 + 2OD -) diffuses in SiO2 scale and reacts with SiC at the SiO2/SiC interface, enrichment of deuterium near the SiO2/SiC interface is expected 
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( Fig. 6(b) ). If D2O is dissociated at the surface of SiO2 into O2 by the reaction of 2D2O → 2H2 +O2 (or O 2-by the reaction of D2O +2e -→ D2 + O 2-) and the O2 (or O 2-) diffuses in SiO2 and reacts with SiC, no enrichment is detected except for the surface of SiO2 (Fig. 6(c) ). As shown in Figs. 5(a) and 5(b), enrichments of deuterium were observed (see arrows), suggesting that water molecules (D2O) or hydroxyls (OD -) diffused in SiO2 layer during oxidation of SiC single crystal in atmosphere containing water vapor.
Conclusions
SIMS elemental depth profile analysis were conducted on 4H-SiC wafer doubly oxidized by oxidizing gas (O2 or H2O) and by isotopic water (H2 18 O or D2O). Large amount of carbon were detected in SiO2 layer near the SiO2/SiC interface in dry Ar/O2 atmosphere at 1673 K, having a possibility that outward diffusion of carbonaceous species controlled the oxidation rate during oxidation in dry Ar/O2 atmosphere. The double oxidation experiment using H2 18 O implies that network oxygen diffused significantly by replacement of 18 O and 16 O, and enhancement of the outward diffusion of carbonaceous species by water or reaction between carbonaceous species and water molecules (or hydroxyls) in SiO2 layer occurred at 1473 K. The double oxidation experiment using D2O suggests that inward diffusion of water molecules or hydroxyls occurred during oxidation of SiC single crystal in atmosphere containing water vapor at 1473 K and 1573 K. 
